obJect In this study, the authors aimed to identify specific risk factors for postdecompression lumbar disc herniation (PDLDH) in patients who have not undergone discectomy and/or fusion. MethodS Between 2007 and 2012, 493 patients with lumbar spinal stenosis underwent bilateral partial laminectomy without discectomy and/or fusion in a single hospital. Eighteen patients (herniation group [H group]: 15 men, 3 women; mean age 65.1 years) developed acute sciatica as a result of PDLDH within 2 years after surgery. Ninety patients who did not develop postoperative acute sciatica were selected as a control group (C group: 75 men, 15 women; mean age 65.4 years). Patients in the C group were age and sex matched with those in the H group. The patients in the groups were also matched for decompression level, number of decompression levels, and surgery date. The radiographic variables measured included percentage of slippage, intervertebral angle, range of motion, lumbar lordosis, disc height, facet angle, extent of facet removal, facet degeneration, disc degeneration, and vertebral endplate degeneration. The threshold for PDLDH risk factors was evaluated using a continuous numerical variable and receiver operating characteristic curve analysis. The area under the curve was used to determine the diagnostic performance, and values greater than 0.75 were considered to represent good performance. reSultS Multivariate analysis revealed that preoperative retrolisthesis during extension was the sole significant independent risk factor for PDLDH. The area under the curve for preoperative retrolisthesis during extension was 0.849; the cutoff value was estimated to be a retrolisthesis of 7.2% during extension. coNcluSioNS The authors observed that bilateral partial laminectomy, performed along with the removal of the posterior support ligament, may not be suitable for lumbar spinal stenosis patients with preoperative retrolisthesis greater than 7.2% during extension.
B
ilateral partial laminectomy (BPL) is a widely accepted procedure for the treatment of patients with lumbar spinal canal stenosis (LSS) without any instability or anterolisthesis. Although most LSS patients show significant neurological gain and good clinical courses after lumbar posterior decompression, including BPL, 8, 38 some patients experience a recurrence of acute limb pain in the relatively early postoperative period because of restenosis, instability, or disc herniation. 5, 8, 11, 17, 19, 20, 26, 28, 36, 38 In particular, postdecompression lumbar disc herniation (PDLDH) at the same level is the first or second most common reason for reoperations. 8, 11, 17, 19, 21, 36, 38 By identifying PDLDH risk factors, it is possible to avoid reoperations at the same level, which are often complicated and even risky. 35 However, previous reports have included patient cohorts that were too heterogeneous to appropriately elucidate significant PDLDH risk factors. In the present study, we aimed to identify the preoperative and intraoperative risk factors for PDLDH in homogeneous patient cohorts.
Methods

Patients
This study was reviewed and approved by our institution's ethics committee, and informed consent was obabbreviatioNS AUC = area under the curve; BPL = bilateral partial laminectomy; DM = diabetes mellitus; ISL = interspinous ligament; JOA = Japanese Orthopaedic Association; LSS = lumbar spinal canal stenosis; PDLDH = postdecompression lumbar disc herniation; ROC = receiver operating characteristic; ROM = range of motion; SSL = supraspinous ligament. SubMitted March 10, 2015 . accePted June 17, 2015 . iNclude wheN citiNg Published online December 11, 2015 ; DOI: 10.3171/2015.6.SPINE15288.
tained from the patients. Between September 2007 and April 2012, 493 LSS patients (326 men, 167 women) with an average age of 69.7 years (range 29-90 years) underwent BPL without concomitant discectomy or fusion. None of the patients had previously undergone lumbar surgery. This cohort did not include patients with a forward slip of greater than 11% and or an intervertebral range of motion (ROM) greater than 11°, based on the findings of preoperative flexion-extension lateral radiographs. Preoperatively, patients received conservative treatment, which did not sufficiently relieve their pain or intermittent claudication, or experienced significant palsy that required surgery.
As shown in Fig. 1 , 319 patients were eventually enrolled in the study. PDLDH was defined as acute lowerlimb pain that developed within 2 years postoperatively. Patients were included in a herniation group (H group, n = 18) if 1) newly herniated discs were observed postoperatively, and 2) MRI findings were consistent with acute lower-limb pain (Fig. 2) . However, new, asymptomatic herniated discs were not considered in this definition.
The candidates for the control group (C group) included 301 patients (189 men, 112 women) with an average age of 69.8 years (range 29-90 years). Generally, sampling 4 or 5 control subjects for each case provides sufficient statistical power. 34 Therefore, we selected 5 control subjects for each H-group patient (a total of 90 patients in the C group).
control group Selection
The 90 patients in the C group were selected as follows. First, sex and decompression levels were matched with the H-group patients. Thereafter, patients were selected if their ages (in days) at the time of surgery were similar (within 2 years) to those of the H-group patients. Preliminarily, 5 or more control candidates were selected for each of the 18 H-group patients. However, for 2 patients in the H group, fewer than 5 patients were available for inclusion as control subjects. Therefore, to obtain at least 5 control subjects for each of these H-group patients, the matching age window was expanded to 7 years. Consequently, 7 and 18 control candidates, respectively, were selected for these 2 patients in the H group. After this initial matching, priority numbers were assigned to the control candidates according to their similarity with the H-group patients in terms of the number of decompression levels and the operation date. Finally, in cases in which the control subjects matched 2 or more H-group patients, those with higher priority numbers were exclusively selected. This selection method was not arbitrary and reduced confounding factors to the greatest extent possible. Sixty-eight of the control subjects with less than 2 years of face-to face follow-up did not have any evidence of acute lower-limb pain within 2 years postoperatively, as assessed through telephone interviews.
Surgical Procedures
BPL has been described previously. 8 Briefly, to decompress the L4-5 levels, the lamina and spinous processes of the lower L-4 and upper L-5 vertebrae were removed using chisels and Kerrison clamps. In addition, the ligamentum flavum and supraspinous ligament (SSL) and interspinous ligament (ISL) of L4-5 were removed. Thereafter, BPL of other levels was performed, as necessary. Figure 3 shows a posterior view of a postoperative 3D CT image. The operations on H-and C-group patients were performed by 7 surgeons; 26 operations were performed by Surgeon A, 13 by Surgeon B, 28 by Surgeon C, 3 by Surgeon D, 25 by Surgeon E, 9 by Surgeon F, and 4 by Surgeon G.
outcomes
All patient characteristics were recorded, including sex, age, body mass index, number of decompression levels, and distribution of decompression levels (Table 1) . Vertebrae were counted from T-1 inferiorly to achieve accurate number assignment to the lumbosacral transitional vertebrae. 23 Additional factors were used to compare the H and C groups, including preoperative diagnosis of diabetes mellitus (DM), preoperative Japanese Orthopaedic Association (JOA) score, 22 operating time per level, and blood loss per level.
Preoperative and postoperative anteroposterior radiographs were obtained in the neutral position. Preoperative and postoperative lateral radiographs were obtained in the maximally flexed and extended positions and in the neutral position.
On anteroposterior radiographs, lateral slippage and disc wedging angle were assessed. Lateral slippage was measured using the centroid method advocated by Freedman et al. 12 On lateral radiographs, the percentage of vertebral slippage during flexion in a neutral position and during extension were assessed according to the method established by Dupuis et al. 7 ; a positive value indicated slippage in the anterior direction. The intervertebral angle during flexion (the angle made by the endplates of the disc space), extension, and ROM, and in a neutral position were also assessed; a positive value indicated lordosis. In the neutral position, lumbar lordosis between L-1 and S-1 was also measured (Fig. 4) . Postoperative data were obtained 1 year postoperatively in the C group and in H-group patients who developed PDLDH within 1 year postoperatively. For 4 patients in the H group who underwent revision surgery, postoperative data were assessed immediately be- fore revision surgery. For 5 patients in the H group who developed PDLDH 1-2 years postoperatively, postoperative data were assessed immediately after PDLDH diagnosis.
CT images were assessed for the following 4 parameters: disc height, 3 facet joint angle, 3 extent of facet removal, 14 and facet degeneration. 37 These parameters were measured according to previously reported methods 3, 14, 37 ( Fig. 4) .
Disc degeneration and vertebral endplates were assessed using MRI. Pfirrmann classification was used to stratify disc degeneration into 5 grades, based on T2-weighted midsagittal MRI cuts of the lumbar spine. 30 Vertebral endplate degenerative changes were classified as normal, or Type I, II, or III using the Modic scale. 27 All the radiographic, CT, and MRI evaluations were performed at the level of PDLDH for the H group, as well as at the corresponding level for the C group, except in cases of lumbar lordosis.
reproducibility evaluation
To evaluate intraobserver and interobserver reliability, 20 of the 108 patients were selected randomly and underwent measurement twice, with a 2-week interval, by 1 investigator (S.T.) and by a second observer (K.T.). Both observers are orthopedic spine surgeons who were blinded to the subject information. The reproducibility of numeric data were evaluated using intraclass correlation coefficients, and that of categorized data were evaluated using kappa coefficients. The interobserver intraclass correlation coefficients were calculated using the average of 2 measurements. The interobserver kappa values were cal- The facet angle was measured using the angles made by connecting the 2 end points of each facet on preoperative axial CT scan (at the superior endplate level of the lower vertebra) and a line connecting the 2 dorsal points of each facet joint. The right- and left-side angles were averaged (41.8° in this example). The extent of facet removal was calculated as a percentage based on the following formula: 100 × (preoperative facet length - postoperative facet length)/preoperative facet length. The right- and left-side percentages were averaged (14.5% in this example). culated using the first measurement. The intraobserver and interobserver reliabilities were fully acceptable (Table 2) . 24 
Statistical analysis
We used SPSS statistical software version 21.0 (IBM) for all statistical analyses. To compare the 2 groups using the Mann-Whitney U-test and Fisher's exact test, p values less than 0.05 were considered statistically significant. Multivariate logistic regression analysis with forward stepwise selection was performed using variables that showed p values less than 0.20 in the univariate analysis.
receiver operating characteristic curve
We evaluated the threshold for a potential PDLDH risk factor, described as a continuous numerical variable, using received operating characteristic (ROC) curve analyses, which plot sensitivity against the result of 1 minus the specificity. 9 The area under the curve (AUC) was used to determine diagnostic performance. AUC values greater than 0.75 are generally considered to represent good performance. 32 The cutoff value was determined using the Youden Index.
10 results
Patient-group demographics
A total of 18 patients who developed new lumbar disc herniation at the same level postsurgically were included in the H group (Fig. 2) . Patients in the H group were significantly younger than the candidates for the C group (Table  1) . After the strict selection of control subjects, 90 patients were included in the C group (Table 1) .
The H and C groups were comparable in terms of sex ratio, age at the time of surgery, body mass index, DM prevalence, preoperative JOA score, operative time per level, blood loss per level, number of decompression levels, and distribution of decompression levels. The H-group patient characteristics are outlined in Table 3 . Revision surgery was required in 4 H-group patients; 2 underwent discectomy and 2 underwent fusion surgery. The procedures and postoperative recoveries were uneventful. No patients in the C group underwent revision surgery.
univariate analysis of Pre-and Perioperative radiologic data Table 4 lists the potential predictive variables for PDLDH. Univariate analysis revealed that patients in the H group were more likely to have preoperative retrolisthesis and lower lumbar lordosis than those in the C group; the differences were statistically significant. In both groups, the extent of facet removal was approximately 15%.
Multivariate logistic regression analysis
To remove multicollinearity in multivariate logistic regression analysis, we omitted the percentage of slippage demonstrated during flexion and in the neutral position, which showed correlation coefficients greater than 0.7 with percentage of slippage during extension (0.821 and 0.881 by Spearman's correlation, respectively). Similarly, the intervertebral angle in the neutral position was omitted (Spearman's correlation 0.863, with the intervertebral angle during extension). Eventually, the following 5 variables were adopted as potential predictors: 1) percentage of slippage during extension, 2) intervertebral angle dur- ing flexion, 3) intervertebral angle during extension, 4) lumbar lordosis, and 5) facet joint degeneration. The analysis revealed that percentage of slippage during extension was the sole significant independent risk factor of PDLDH (p = 0.0001; OR 1.36; 95% CI 1.17-1.58).
roc curve analysis
The AUC for retrolisthesis during extension, which was the negated value of the percentage of slippage during extension, for PDLDH was 0.849 (95% CI 0.755-0.943; p < 0.001). The cutoff value was 7.2%, per the Youden Index (Fig. 5) . The average vertebral anteroposterior diameter in the 108 patients was 42.6 mm. Therefore, retrolisthesis of 7.2% corresponded to a value of 3.1 mm. A cutoff value of 7.2% indicated an OR of 23.7 (95% CI 6.8-82.5). Table 5 shows the changes in the absolute values, preand postoperatively, and radiographic factors for the patients. Patients in the H group demonstrated significant postoperative instability in lateral listhesis; disc wedging angle; percentage of slippage during flexion, extension, and in a neutral position; and the intervertebral angle at extension. Three patients in the H group developed de novo anterolisthesis postoperatively.
comparison of changes between Pre-and Postoperative radiographic Factors
incidence of Pdldh Predictors for each Surgeon
To evaluate the influence of the surgeon, the incidence of PDLDH for each surgeon was investigated. The incidence was not significantly different among the 7 surgeons (p = 0.394, Fisher exact test) ( Table 6 ).
discussion
Many authors have investigated the clinical and radiographic results of lumbar decompression surgery and have reported certain reoperation rates and etiologies (Table 7) . 5, 6, 8, 11, 13, 17, 19, 26, 29, 36, 38 In many papers, postoperative instability and lumbar disc herniation at the same level of decompression were the first or second most common reasons for reoperations. 8, 11, 17, 19, 21, 36, 38 Given the risk of revision surgery, identifying the risk factors of PDLDH is important. However, the material or/and methods used in the previous reports were inappropriate for identifying the true risk factors of PDLDH. In many of those studies, the subjects comprised patients who did not undergo laminectomy or laminotomy alone but also underwent concomitant discectomy 5, 8, 11, 19, 31, 36 and/or fusion. 11 In some studies, the mean follow-up period was longer than 5 years postoperatively. 11, 31, 38 This appears to be a very long duration to extract sequelae of laminectomy or laminotomy, exclusively. Moreover, the laminectomy or laminotomy procedures varied among these studies, and some reports included several procedures. 17, 19 To determine the true PDLDH risk factors, we excluded patients undergoing concomitant discectomy and/or fusion during the index surgery. In addition, to minimize the aging effect, we excluded patients in whom PDLDH developed more than 2 years postoperatively. Moreover, to avoid confounding factors due to the procedures, subjects in our study included patients who underwent identical BPL surgeries.
We identified preoperative retrolisthesis as a risk factor of PDLDH within 2 years postoperatively. This result suggested that the presence of preoperative retrolisthesis makes patients more prone to the development of PDLDH. Through ROC curve analysis, the cutoff value of retrolisthesis was found to be 7.2%, or approximately 3 mm. This cutoff value provided an OR of 23.7 (95% CI 6.8-82.5). The 3-mm value dovetails with the definition of retrolisthesis described in previous papers that referred to retrolisthesis.
2,31
To date, retrolisthesis has been considered to be of little clinical significance, and there is much less information available about retrolisthesis than there is regarding anterolisthesis. Heuer et al. investigated the lumbar biomechanics of human cadavers, using both angulation measurements and translational measurements as the response parameters, to study forward and backward bending. 18 Their results showed that the angulation measurements were strongly related to the translational measurements. Although listhesis corresponds to intervertebral translation, we believe that lumbar biomechanical studies, using angulation measurements in forward and backward bending, can be used to understand the results of the present study. Moreover, we hypothesized a mechanism for the high frequency of PDLDH in patients with preoperative retrolisthesis.
Through biomechanical analyses, many authors indicated that forward bending of the lumbar spine is mainly restricted by the SSLs and ISLs 15, 16, 25, 33, 39 ; the tensile strengths of these ligaments generate this resistance force. However, the spinous processes, facet joints, and intervertebral discs play important roles in restricting backward bending. 1, 15 Given that the intervertebral discs contribute to the restriction of backward bending, patients in the H group with preoperative retrolisthesis may be suggested to have had weak discs that could no longer restrain backward bending. Therefore, the spinous processes may compensate to resist backward bending. Thus, the H group showed significantly more postoperative instability than the C group. Although the determination of whether instability or PDLDH occurred first may be impossible, removing the inferior halves of the cranial spinous processes, the SSLs and ISLs, during surgery might trigger postoperative instability or/and disc herniation. Moreover, a finite element model study by Zander et al. showed that resection of the posterior bony or ligamentous elements influences the stresses and deformations in the intervertebral discs. 39 As shown in Table 7 , the incidence of PDLDH was lower for the minimally invasive surgeries in which the SSLs and ISLs were preserved than for conventional open decompressions. However, this comparison is overly simplified because some papers included patients in whom herniation recurred and some had different lengths of follow-up. Moreover, new surgical techniques tend to underestimate the true incidence of complications. 4 Fusion surgeries for patients with a retrolisthesis greater than 7.2% might, however, be considered as overtreatment. Therefore, further studies are required to better understand how to prevent PDLDH.
This study has several limitations. First, we performed a case-control study with retrospective data collection. We believe that a nested case-control study with prospective data collection is better. However, in this study, control subjects were strictly selected without arbitrariness, making the comparisons between the H and C groups fully acceptable. Second, whole-spine radiographic evaluations were not performed with the patients in the standing position, which could provide additional information, such as that pertaining to sagittal balance. Although information regarding sagittal balance is desirable, the results of this study, nevertheless, may be helpful for making decisions to treat LSS patients. Third, although the H group strictly included patients who experienced postoperative pain remission, followed by the recurrence of lower-limb pain with consistent "new" herniation on MRI, there may be many factors that determine whether a disc herniation is symptomatic or not. This may lead to a Type 1 error.
conclusions
This study revealed that preoperative retrolisthesis was the sole significant risk factor for PDLDH. Lumbar decompression surgery involving the removal of the posterior elements may not be suitable to prevent PDLDH. This is the first study to elucidate the significant risk factors for PDLDH.
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